ABSTRACT: In this Letter, we report gate-tunable X-ray photoelectron emission from back-gated graphene transistors. The back-gated transistor geometry allows us to study photoemission from graphene layer and the dielectric substrate at various gate voltages. Application of gate voltage electrostatically dopes graphene and shifts the binding energy of photoelectrons in various ways depending on the origin and the generation mechanism(s) of the emitted electrons. The gate-induced shift of the Fermi energy of graphene alters the binding energy of the C 1s electrons, whereas the electric field of the gate electrodes shift the binding energy of core electrons emitted from the gate dielectric underneath the graphene layer. The gradual change of the local potential through depths of the gate dielectric provides quantitative electrical information about buried interfaces. Our results suggest that gate-tunable photoemission spectra with chemically specific information linked with local electrical properties opens new routes to elucidating operation of devices based especially on layered materials.
G raphene, the two-dimensional (2D) crystal of carbon, has unique electrically tunable properties. 1−3 Owing to its monatomic thickness and delocalized p-orbitals, graphene forms 2D electron/hole gas with gate-tunable charge density. Other tunable 2D electronic systems, 4 such as Si-inversion layer or GaAs heterostructures, are usually buried under a metal gate electrode. Thick metal gate-electrodes and shallow penetration depth of electron-based surface tools have been the obstacles for detailed chemical characterization of the buried 2D electronic systems. Back-gated graphene transistors provide unique device geometry for tunable electronic systems that can be probed by surface characterization tools under voltage bias. In this Letter, we report on gate tunable X-ray photoelectron emission from a graphene field effect transistor.
Many features of graphene can be tuned by electrostatic doping. For example, optical absorption, plasma frequency, Raman cross-section and electron−phonon coupling in graphene can be tuned by electrostatic gating. 1, 3, 5 The Fermi energy of graphene varies with charge density as E f = ℏν F (πn) 1/2 where ν F is the Fermi velocity and n is the areal charge density. Using back-gated transistors, Fermi energy of 300 meV with a charge density up to 5 × 10 12 1/cm 2 can be achieved. 6 The variation of Fermi energy results in blocking of interband electronic transitions, an increase in the plasma frequency and interference of possible electronic pathways. Raman spectroscopy, optical reflection spectroscopy, and scanning probe microscopy of graphene transistors have been extensively used to investigate the tunable nature of graphene. 5,7−18 These optical spectroscopy techniques, however, can only provide indirect information about the variations in the charge density and Fermi energy without chemical specificity. For example, scanning Kelvin-probe microscopy is a powerful method for probing such variations but is not capable of yielding chemical information. 19, 20 Photoelectron emissionbased techniques such as UPS (ultraviolet photoelectron spectroscopy) are alternative techniques and have been extensively used to detect and quantify changes in the workfunction as well as in the Dirac-Point of graphene-based materials and devices. 21−26 XPS (X-ray photoelectron spectroscopy) is even more attractive because it can give local voltage variations in a chemically resolved fashion derived from the binding energy shifts of the corresponding core-levels. Use of XPS for chemical identification of the species formed after certain chemical and/or electrochemical modification of graphene or carbon based materials is common. 27−41 One particular aspect of XPS technique is its sensitivity to the potentials developed as a result of a particular chemical/ physical process, best exemplified by a recent work of Tarabek et al., where they reported that ex situ spectra of the C 1s and the C KLL Auger peaks of the carbon-nanotube samples shifted 0.5 and −0.5 eV when the samples were previously doped at electrode potentials of −1.5 (n-doping) and 1.5 V (p-doping), respectively. 42 Another important aspect of XPS is its ability to detect the shifts in the binding energy position of the peaks as a result of imposed external voltage stresses in the form of direct current (dc) or alternating current (ac) stimuli. This variation has been extensively used by our group to probe electrical properties of the materials' surfaces. 43, 44 In our previous work, we imposed a 6 V dc voltage bias across a graphene sheet of 2 × 3 mm between the two gold electrodes and measured the voltage variations throughout the entire sheet by monitoring the binding energy position of the C 1s peak, which varied smoothly from 290.75 to 284.75 eV, exhibiting position dependent shift of 6.0 down to 0.0 V. 44 On the other hand, such variations were not very smooth, and revealed the presence of cracks, after exposing the graphene sheet to mild oxidizing oxygen plasma. Hence, we claimed that the measured 3-fold increase in the resistance of the graphene sheet (from 0.4 in its pristine to 1.2 kΩ in its oxidized form) was not only due to the introduction of oxidized carbon moieties but also to the presence of various defects and/or cracks created by the plasma. Here we developed a new method to study gatetunable photoemission by applying a gate voltage that induces free carriers on graphene and shifts the Fermi energy. This unique experimental step allows us investigate the gatetunability of the XPS peaks and discuss possible mechanism(s) causing the observed findings.
The present work differs significantly from our previous one in two respects. (i) The device structures are different, because in the latter the graphene layer was deposited on an insulator (quartz), which performed as a resistor and electrostatic gating was not possible. In the present work, we probed graphene in a transistor geometry, and graphene acts as a semiconductor. (ii) The physical mechanisms behind the observed binding energy shifts are different, because the binding energy shift of C 1s in the previous work were due to the local voltage imposed by large current (in the range of mA) passing from one side of the graphene sheet to the other (IR drop), whereas in the present case, the binding energy of C 1s of graphene is due to the shift in the Fermi energy and very little or no significant current is encountered. However, both methodologies are unique, because they both probe different electrical properties of devices under operation, and both have never been reported before.
The left-inset ( Figure 1a) shows the schematic drawing of a back-gated graphene transistor and X-ray photoelectron spectrometer. We used a Thermo Fisher K-alpha electron spectrometer with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) and modified it in order to apply external voltage bias to the samples. The samples consisted of large area (1 cm × 1 cm) graphene transfer-printed on Si substrates coated with 100 nm Si 3 N 4 . The graphene samples were grown on 25 μm thick copper foils using chemical vapor deposition, then transfer printed on Si 3 N 4 coated Si wafers. 45 We used conductive carbon tapes (Ted Pella Inc.) to contact the graphene layer. The distance between the source/drain electrodes is 1 cm. Figure 1b shows the recorded X-ray photoelectron spectra from the graphene field effect transistor, when the source/drain electrodes are grounded. The content of the spectra is very rich. Gate-dependence of the XPS spectra, namely, C 1s (graphene), Si 2p (gate dielectric), N 1s (gate dielectric), and O 1s (surface oxide of the gate dielectric) regions under different gate voltages shows different behavior depending on the origin of the emitted photoelectrons. Behavior of the Si 2p (gate dielectric) peak is very similar to that of the N 1s and therefore is not shown. We will present the gate-dependence of these peaks and discuss the underlying mechanism(s).
We started our investigation by measuring the electrical characteristics of the graphene transistor. Figure 2a shows the variation of the drain current (black curve) and the total resistance (red curve) of the graphene layer with the gate voltage. During the electrical measurements, we applied 1.0 V to the drain electrode while the source electrode was grounded. The resistivity of the device varied from 0.5 to 4 kΩ as we sweep the gate voltage from −40 to 50 V. The transistor showed a p-type conduction with an on−off ratio of 8, which is a typical number for back-gated transistors based on CVD graphene. 46 The large charge neutral point at 60 V is due to the unintentional doping of graphene by the charged impurities on the substrate. Besides the gate-induced electrostatic doping, unintentional doping due to the substrate or transfer process and/or charge puddle formation are main factors that define the minimum charges on the graphene layer. The surface properties of the substrate (such as, surface chemistry, organic residues, and the dielectric constant) determine the amount of induced charges on the graphene layer. This substrate induced unintentional doping appears in the Raman spectra as a shift in frequency and the intensity of the G and 2D bands. For example, on a SiO 2 substrate graphene is p-type doped with Fermi energy of 150−200 meV.
After the electrical measurements, we recorded the Raman spectra of graphene (Figure 2b ) at various gate voltages (−70 to 70 V). The Raman spectra show profound gate-dependence and provide a useful piece of information about the electrostatic doping level and Fermi energy change of graphene. Graphene has two distinct Raman peaks called G-band (optical phonons at Γ point) and 2D (overtone of the zone-boundary optical phonons). Fitting of G-band and 2D-band by Lorentzian functions yields the Raman frequency (Figure 2c ), spectral width (Figure 2d , full width at half-maxima (fwhm)) and Raman intensity as a function of the gate voltage. The charge neutral point (so-called Dirac point) of graphene is at 60 V. The gate-induced free carrier density on graphene can be written as n g = C(V g −V CNP )/e where C is the electrostatic capacitance of the gate dielectric, V g is the gate voltage and V CNP is the charge neutral point and e is the elementary charge. The modulation of carrier density significantly changes the frequency and lifetime of phonons. Figure 2c shows the extracted Raman frequency of G and 2D bands. The frequency change of G-band is particularly important for our study because it provides quantitative information for the Fermi energy. The electron−phonon coupling of massless Dirac electrons on graphene can be tuned by electrostatic doping. At the charge neutral point, the carrier concentration is at a minimum that is limited by the impurity-induced charge puddle formation on graphene. The Raman frequency of G-band at the charge neutral point (ω CNP G ) is 1592 cm −1 . The Raman frequency increases up to 1605 cm −1 as we sweep the gate voltage. The change in the Raman frequency is a linear function of Fermi energy that is Δω
where λ is the electron−phonon coupling strength. 6 The maximum change in the Raman frequency is about 13 cm −1 , corresponding to he Fermi energy of 300 meV. The corresponding charge density on graphene is around 5 × 10 12 1/cm 2 . We also observed spectral narrowing of G-band indicating longer phonon lifetime due to blocking of possible damping mechanisms.
After obtaining information about the Fermi energy and electrostatic doping of graphene, we studied the gate voltage dependence of binding energy of C 1s photoelectrons. The recorded XPS spectra of C 1s region at various gate voltages are shown in Figure 3a . We observed a slight decrease in the binding energy with increasing charge density. The variation of the binding energies of C 1s calculated by fitting of the spectra is given in Figure 3b (scattered plot). The binding energy varies from 284.77 to 284.57 eV for the gate voltage range. The solid line in Figure 3b shows the Fermi energy calculated from the shift in the Raman frequency of the G-band. At −60 V, the Fermi energy is around 270 me,V which agrees well with the shift of the binding energy 200 meV. The shift of binding energy of C 1s can be understood from the alignment of the Fermi energies of graphene and the spectrometer. The schematic representation in Figure 3c depicts the electronic band structure of graphene and the measured binding energy of C 1s (BE C 1s ). Φ G and Φ D represent the work function of graphene and the spectrometer, respectively. During the measurements, graphene was grounded to the spectrometer, which aligns the Fermi energies of graphene and the spectrometer. Because the binding energy of C 1s is measured with respect to the Fermi energy, the variation of Fermi energy with increasing charge density appears as a decrease in the binding energy.
Now we would like to analyze the gate dependence of the photoemission from the Si 3 N 4 gate dielectric underneath the graphene layer. In our previous work, we observed that presence of graphene on a dielectric substrate provides equipotential surfaces where the local potential of graphene alters the potential of the dielectric substrate. 44 Therefore, binding energy of the photoelectrons emitted from the dielectric varies with the local voltage of graphene. Figure 4a depicts the cross-section of the graphene transistor. We measured N 1s and Si 2p and O 1s regions of the XPS spectra for various gate voltages while graphene is grounded. The changes in the N 1s and Si 2p peaks with the gate voltages, mainly progressive shift and asymmetric broadening, are much more pronounced. In order to understand these variations one has to consider two effects simultaneously: (i) that the effective local voltage is increasing linearly, causing the progressive shift; and (ii) the signal is attenuated exponentially, causing the asymmetry, as one goes down into the depths of the gate dielectric. In this case, use of the Si 2p peak, rather than the N 1s, is sounder because more experimental data exists for it. Accordingly, a simple model can be constructed by artificially dividing the top 10 layers of silicon nitride into 1 nm slices and using the Si 2p peak recorded when the gate was also grounded as the reference. Two operations are executed stepwise. (i) The reference peak is shifted by a certain amount (ΔE inc ), and (ii) its intensity is attenuated by the corresponding attenuation factor calculated using the formula I rec (x,E) = I 0 (E)e −x/α , where I 0 is the intensity of the photoelectrons generated at the depth, x, I 0 (x,E) is the signal contributing from that depth after attenuation, and α is the attenuation length. The recorded spectra can be written as an integral of the photoelectron generated from different depth as
where t is the thickness of the gate dielectric and V g is the gate voltage. The experimentally determined value of attenuation length for the Si 2p peak for Si 3 N 4 is 3.9 nm. 47 Implementation of this procedure and the resulting simulated spectra at only −20 and +20 V gate voltages are shown in Figure 4d , together with the experimental spectra (scattered plot in Figure 4e ). An excellent fit is obtained after shifting the spectrum by 0.2 eV/ nm, matching perfectly the applied gate potential of 20 V over 100 nm gate length. Note also that extent of the gate-tunable shifts of the O 1s is larger than that of C 1s but much smaller than those of N 1s and Si 2p. This simple observation leads us to assign it predominantly to the surface oxide of the dielectric layer rather than any potential oxidized carbon moieties of the graphene layer.
These findings extracted from the unique experimental methodology implemented by simple modification of the 6 decades-old XPS technique has far more reaching consequences when utilized for assessing material and/or device properties. For example, local voltage variations due to chemical and/or physical defects, or on specific groups like C 1s or O 1s of oxidized samples (−CO− or −COO−, and so forth) as a result of chemical doping, or N 1s of the unwanted but unavoidable oxidized surface moieties, are expected to be significantly different when compared to pristine samples/devices. Other deleterious behaviors such as shorting paths, dielectric breakdown, and so forth are also within the reach. Moreover, the quality or the performance of the dielectric layer is also assessable, which can reveal vital information about the interface between the dielectric layer and the gate, hence the performance of the device. Another simple variation of the methodology can be employed to investigate the dynamics of electrical potential developments by imposing time-varying electrical stimuli, like square-wave-modulation, as was also shown in our previous work. 43 Such measurements are in our agenda, and we advocate that they will impact greatly on furthering of our understanding of various materials and devices. Gate-tunable XPS of graphene transistors yields various chemically specific insights about the operation of the graphene transistors. Gate-induced shift of the Fermi energy and the gateinduced local voltage in the gate dielectric are the two main physical mechanisms behind observed shift in the binding energies. (1) Tracing the binding energy of C 1s that originates from the graphene layer provides the local Fermi energy. C 1s photoelectrons originate from other sources such as organic residues on graphene or chemically modified graphene can be identified from XPS spectra. The gate dependence of XPS could provide the local charge density and Fermi energy and associated local chemical information. This information is especially important for chemically synthesized graphene that has various forms of functional groups and defects. (2) Gateinduced local voltage provides unprecedented ability to identify the chemical content and its location in the dielectric layer. For example, in our experiments, the gate dependence of O 1s suggests that the location of oxygen is close to the graphene− dielectric interface. Ability to identify the chemical content and Local Fermi energy could be used for elucidating local Fermi energy, interface traps for transistors based on 2D layered materials, and heterojunctions. Internal photoemission spectroscopy (IPE) has been also used to measure the band alignment and work function of p-type doped graphene on SiO 2 substrate. 48 Because this method is based on transport measurements, the chemical information about the photoelectrons is lost. The gate-tunable photoemission and internal photoemission spectroscopy could be complementary techniques to elucidate the operation of transistors based on twodimensional materials.
In summary, we studied the gate-tunable photoemission spectra from a graphene transistor. This back-gated graphene transistor provides a tunable 2D-electronic system that can be probed by electron-based surface characterization tools. Because XPS provides chemical specific information linked with the local electrical potential, we were able to determine the underlying physical mechanisms of the gate-voltage dependence of the binding energy of emitted photoelectrons. We observed that the shift of Fermi energy of graphene alters the measured binding energy of C 1s electrons emitted from the graphene layer whereas the local potential on the gate dielectric yields progressive shift and asymmetric broadening of the N 1s and Si 2p peaks originated from the dielectric material. Furthermore, we observed that O 1s electron originated from the surface of the dielectric behaves in a different way than N 1s. The gradual change of the local potential in the gate dielectric induces an asymmetry of the XPS signal and provides depth dependent information. We anticipate that the simultaneous chemical and electrical characterization with XPS will provide unique advantages to elucidate the operation and performance of electronic devices based on layered materials. We also expect that our methodology will be adopted by many researchers in the field as its implementation is quite simple.
